ABSTRACT Guanylate cyclase [GTP pyrophosphate-lyase (cyclizing), EC 4.6.1.2J activity of human platelet homogenates was stimulated by the addition of phospholipase A2 or unsaturated fatty acids such as oleic, vaccenic, linoleic, linolenic, eicosenoic, eicosadienoic, and arachidonic acids. The addition of lipoxidase potentiated the fatty acid-induced stimulation of guanylate cyclase purified by DEA1-cellulose column chromatography. The extent of the stimulation was dependent on the concentration of the oxidized form of these fatty acids (peroxides). Saturated fatty acids such as stearic and arachidic acids had no effect on the guanylate cyclase activity in the presence or absence of lipoxidase, indicating that human platelet guanylate cyclase is stimulated by unsaturated fatty acid peroxides rather than by fatt acids. Hemoglobin prevented the enzyme stimulation produced by low concentrations of fatty acid peroxides, but enhanced stimulation of the enzyme activity with high concentrations of fatty acid peroxides. 2-Mercaptoethanol, dithiothreitol, and N-ethylmaleimide inhibited the guanylate cyclase activities both in the presence and absence of unsaturated fatty acid peroxide. The stimulation of guanylate cyclase activity by unsaturated fatty acid peroxides is attributed to oxidation of sulfhydryl residues of the enzyme protein.
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The role of cyclic nucleotides in platelet function has been the subject of considerable study since the report by Marcus and Zucker (1) on inhibition of platelet aggregation by adenosine 3',5'-(cyclic)monophosphate (cyclic AMP). Subsequent investigations from several laboratories revealed that platelet aggregation mediated by vanrous substances such as ADP, collagen, and epinephrine is facilitated by a decrease in the platelet cyclic AMP concentration (2, 3) , and that many compounds that inhibit platelet aggregation act by increasing the cyclic AMP concentration in the platelets (3, 4) . The effect on the platelet guanosine 3',5'-(cyclic)monophosphate (cyclic GMP) level of various aggregating agents, however, appears to be the opposite of that seen with cyclic AMP in that aggregating agents such as collagen (5, 6) , thrombin, and epinephrine (6, 7) produce an increase in the cyclic GMP concentration in the platelets.
Guanylate cyclase [GTP pyrophosphate-lyase (cyclizing), EC 4.6.1.2] activity has been detected in many types of cells and the enzyme is present in both membrane-bound and soluble forms. Several hormones increase cyclic GMP levels in cells (8) (9) (10) (11) (12) (13) (14) ; however, it has not been demonstrated in vitro that there is a direct effect of any of these hormones on guanylate cyclase activity (12, (15) (16) (17) . Guanylate cyclase is stimulated by nonionic detergents (18, 19) , sodium azide (20) , lysolecithin, phospholipase A2 (21-23), sodium nitroprusside, nitroglycerin, and nitric oxide (24) . Recently, it was demonstrated that fatty acids stimulate guanylate cyclase activities from mouse BALB 3T3 fibroblasts (25) and human platelets (26, 27) 40 ,ug of creatine kinase, 3 mM MnCI2, 50 mM Tris-HCI (pH 7.7), and an appropriate amount of the enzyme in a total volume of 0.2 ml. The reaction was started by the addition of enzyme unless otherwise indicated. After the mixture was incubated for 10 min at 300, the reaction was stopped by heating for 2 min in a boiling-water bath, following the addition of 1 M HCl (40 Ml) . The radioactive cyclic GMP produced was isolated by the serial use of a neutral aluminum oxide/AG1-X2 (Bio-Rad Co.) column. The assay mixture for guanylate cyclase was adjusted to neutral pH with 1 M Tris solution and sodium pyrophosphate was added to make a final concentration of 7 mM. Each cyclase mixture was then applied onto a neutral aluminum oxide column (0.5 g, 0.6 X 2.0 cm). When this column was washed with 5 ml of 0.05 M TrisHCl buffer (pH 7.4), cyclic GMP passed through the column 3657 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Al of the diluted solution was immediately added to the assay mixture of guanylate cyclase prior to initiating the reaction. On the other hand, methanol (final concentration of 50%) was added to the remaining fatty acid emulsion treated with lipoxidase. This methanol solution was utilized for determination of the peroxide value (peroxide content of emulsions) by the ferrous thiocyanate method as described by Wagner et al. (31) . Reagent (3 ml) was added to the sample (20 ml) and the absorption of 500 nm was measured and compared with standard ferric chloride that had been similarly treated. In all experiments, the oxidation of the fatty acid was also measured by determining the absorption at 235 nm. The results obtained by these two methods agreed. DEAE-Cellulose Column Chromatography. DEAE-cellulose chromatography was carried out as described previously (28) The concentration of each fatty acid was 0.1 mM.
was slight. All of the unsaturated fatty acids-in contrast to the saturated ones such as myristic, palmitic, stearic, and arachidic acids-stimulated guanylate cyclase activity significantly up to the concentration of 0.1 mM ( Table 2) . Polyunsaturated fatty acids such as linoleic, linolenic, and arachidonic acids were much more effective. These results suggest that unsaturated fatty acids, when released from phospholipids by phospholipase A2, stimulate guanylate cyclase activity. DEAE-Cellulose Column Chromatography. More than 80% of total guanylate cyclase activity in human platelet homogenates was found in the 105,000 X g supernatant. When this supernatant was applied onto a DEAE-cellulose column, guanylate cyclase activity was eluted at about 0.15 M sodium acetate and was clearly separated from cyclic GMP phosphodiesterase activity (0.05 M sodium acetate). Unsaturated fatty acids stimulated this partially purified guanylate cyclase as well as the crude cyclase preparation. The formation of cyclic GMP, using both the crude preparation and the partially purified enzyme, was not proportional to the incubation time; enzyme activities increased with the length of the incubation time. Similar observations were made by B6hme et al. (32) (Table 3) . Therefore, this potentiation is attributed to lipoxidase-catalyzed oxidation of these fatty acids to form peroxides at their double bonds.
The relation between the extent of oxidation of the fatty acid emulsion and the stimulation of the purified guanylate cyclase is shown in Fig. 1 the stimulation of human platelet guanylate cyclase by the fatty acid peroxide may be due to the oxidation of a certain residue, probably sulfhydryl, in the enzyme protein. If the -SH groups of the enzyme protein are actually oxidized to -S-S-for enzymic activation by peroxides, this reaction is likely to be blocked and the stimulation of guanylate cyclase activity possibly will be prevented by the addition of sulfhydryl compounds or N-ethylmaleimide. Dithiothreitol, 2-mercaptoethanol, and N-ethylmaleimide inhibited the purified guanylate cyclase activities both in the presence and in the absence of unsaturated fatty acid peroxide. Dithiothreitol at 1 mM or 2-mercaptoethanol at 10 mM inhibited stimulation of the purified guanylate cyclase by arachidonic acid peroxide by 50% and N-ethylmaleimide at 5 mM inhibited the stimulation by 100%. While inhibition of the guanylate cyclase activity by dithiothreitol and 2-mercaptoethanol may be due to protection of -SH groups in enzyme protein as well as to reduction of fatty acid peroxide, the inhibition by N-ethylmaleimide is attributed exclusively to its effect on -SH groups in enzyme protein.
Effect of Hemoglobin on Guanylate Cyclase.,The effect of hemoglobin on the stimulation of platelet guanylate cyclase induced by unsaturated fatty acid peroxide was also investi- Relation between the peroxide value of arachidonic acid and stimulation of guanylate cyclase. Emulsions containing 1 mM arachidonic acid were oxidized by the various amounts of lipoxidase at 300 for 10 min. The extent of the oxidation was measured by de- termining the peroxide value by the ferrous thiocyanate method (31) . Emulsions of arachidonic acid of different peroxide values were tested on guanylate cyclase. In each experiment, the oxidized emulsion was preincubated with the enzyme for 10 min prior to addition of the substrate for determination of the enzyme activity. Human platelet guanylate cyclase was purified by DEAE-cellulose column chromatography. The assays were done with or without human hemoglobin (15 ,g/ml) in the presence of unsaturated fatty acid peroxides. Arachidonic or linoleic acid peroxide was prepared by incubation of either fatty acid at 0.1 mM with soybean lipoxidase at 15 ,g/ml for 10 min at 300 and added directly to the reaction mixture of the guanylate cyclase. The peroxide values in fatty acid emulsions were determined by the ferrous thiocyanate method (31) . gated (Table 4) . Hemoglobin (15 ,ug/ml) prevented the enzyme stimulation produced by low concentrations of the unsaturated fatty acid peroxides. Although the effect of hemoglobin itself on guanylate cyclase was negligible at this concentration, this same concentration of hemoglobin enhanced the stimulation of the enzyme activity by high concentrations of these peroxides. In crude preparations containing various amounts of hemoglobin, the effect of fatty acid peroxide may vary with the ratio of peroxide and hemoglobin. The potentiation of this peroxide-induced stimulation of guanylate cyclase by hemoglobin has not yet been explained. DISCUSSION Phospholipase A2, which degrades phospholipids to lysophospholipids and unsaturated fatty acids, has been detected in virtually every organism, tissue, and subeellular fraction that has been investigated (34) . Gullis and Rowe (35) reported that net phospholipase A2 activity of synaptic membranes of guinea pig brain cortex is stimulated by Ca2+, noradrenaline, acetylcholine, carbamoylcholine, and serotonin. The effects on phospholipase A2 parallel the effects of these agents on intracellular cyclic GMP levels in other systems (36) . The induction of platelet aggregation by agents such as thrombin or collagen is potentiated by the release of arachidonic acid from phosphatidylcholine (37) . It has recently been reported that the crude soluble guanylate cyclase of human platelets is stimulated by unsaturated fatty acids such as arachidonic acid (26, 27) . Bohme et al. (32) found that human platelet guanylate cyclase activity is stimulated when crude preparations are used for incubation. The stimulation of guanylate cyclase by incubation is attributed to the effect of unsaturated fatty acids produced from endogenous phospholipids by endogenous phospholipase A2.
Our results suggest that the stimulation of the crude guanylate cyclase preparation induced by unsaturated fatty acids was due to the unsaturated fatty acid peroxides produced during the incubation.
Unsaturated fatty acids readily take up oxygen to give peroxides. These are probably hydroperoxides (-OOH) formed on a carbon atom adjacent to the double bond (38) and this reaction is catalyzed by lipoxidase. Nugteren (39) reported that lipoxidase activity was detected in platelets from various species and arachidonic acid proved to be the best and most abundant natural substrate. Our Fig. 1 (Fig. 1) . These results indicate that the guanylate cyclase activity was stimulated by unsaturated fatty acid peroxides rather than fatty acids. The inhibition of -SH enzymes is reportedly produced by unsaturated fatty acid peroxides (40, 41) and oxidation of -SH groups of proteins or amino acids is catalyzed by peroxides of unsaturated fatty acids (42, 43) . Human platelet guanylate cyclase is thought to possess -SH groups (32) and our present data suggest that the oxidation is promoted by incubation with unsaturated fatty acid peroxides, which increases enzyme activity; N-ethylmaleimide prevents this stimulation by covalent binding to -SH residues in the protein. The concept is supported by the evidence that guanylate cyclase from rat lung is stimulated by hydrogen peroxide (44) and guanylate cyclase is inhibited upon application of thiols (27, 44) .
Heme proteins are most effective catalysts for oxidation of unsaturated fatty acids (38, 45) . In concentrated solutions, however, heme proteins inhibit oxidation (46, 47) (48) reported that oxidized rather than nonoxidized arachidonic acid caused a much more rapid and marked aggregation. Glass et al. (49) 
